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The foundation of polarography is usually attributed to Kucera 
(26), who investigated the electrocapillary behavior of mercury in various 
solvents, using the dropping mercury electrode (D.M.Eo). Kucera noticed 
inflections in the resulting curves in the presence of reducible sub-
stances; but passed this phase of the work on to Jaroslav Heyrovsky, who 
0 
found that the results could be applied to both quantitative and quali-
tative analyses. 
By 1925., Heyrovsky and Shikata (17) had invented an automatic 
recording instrument, called the polarograph, and termed the new analyt-
ical method polarography. By 1935, Heyrovsky and Ilkovic (16) had ex-
plained the theoretical significance of the half-wave potentials and wave 
heights. Others who became interested in this field, worked on both 
theory and application with the result that polarography has steadily 
increased in interest and usefulness until it now ranks as a major in-
strumental method of analysis. 
The standard polarograph consists of a stable direct current 
S\:)urce, the potential of which can be varied, applied across a special 








(a) Schematic Diagram for Standard Polarographic Circuit 








- Electrolysis cell 
- To voltage-measuring 
device (Chart) 
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this cell, the microelectrode, is very small and polarizable, while the 
other, the reference electrode, is large and non-polarizable. The ap~ 
plied potential is varied by means of a slide-wire potentiometer which 
may be coupled with a chart and driven by a constant-speed motor for 
automatic recording. A current-measuring device is also included in the 
circuit. For chart recording, this is a pen activated by the potential drop 
across a chosen standard resistor. 
The most widely used microelectrode consists of the tiny drops 
of mercury formed by mercury flowing from a capillary tube. The mercury 
flows at a constant rate from a reservoir attached to, and at a fixed dis-
tance above, the capillary. Another form of microelectrode consists of a 
small piece of platinum wire embedded in an insulated shaft and rotated at 
a constant speed (27,30). 
The non-polarizable electrode - the electrolysis reference elec-
trode - is some suitable half-cell such as the saturated calomel electrode 
or even a quiet pool of mercury. 
A ty-pical polarogram is shown in Figure 2. As an increasing 
potential is applied across the electrolysis cell a small current, the 
residual current, flows. There are two contributing factors to the 
residual current when the microelectrode is the D.M.E., the major factor 
being the condenser current. Any electrolyte, especially any capillary-



















Figure 2. .A T-y-pJcal Polarogram_ 
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mercury and the solution), sets up a double layer at the mercmry ... solution 
interface, resulting in an effective capacita--nae. Because of the constant 
growth and renewal of the mercury drops, the-charging current does not drop 
to zero as it would for a-n ordinary condenser. Ilkovic (20) has both mea-
sured and calculated this effect, the magnitude of which is often as great 
as a few tenths of a microampere. 
In practice, it is impossible to obtain solutions whichare en-
tirely free of traees of electro-reducible- impurities. Reduction of thene 
impurities, of which oxygen is the most troublesome, will add a small 
faradaic current as the second part of the residual current. Most of the 
dissolved oxygen is removed by bubbling nitrogen through the solution. 
D'uring the making of a polarogram, when the applied voltage 
reaches the decomposition potential of any electro-reducible substance 
present, reduction commences and the current begins to rise. As the volt-
age is increased, the rate of reduction and the current increase, while the 
solution immediately surrounding the microelectrode becomes depleted of 
reducible ions. The current very rapidly reaches a value wh:i.ch is li.mij;ed. 
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by the rate at which the reducible substance can diffuse in to the electrode. 
This limiting current will thus consist of the residual current, which is 
still present, plus the diffusicm current (I0). 
The rate at which the reducible ions reach the microelectrode 
normally depends upon both the con0entration of the ions in solution and 
the rate of migration of the reducible ions. In polarography} however} 
the migration current is made negligible by adding a carrier electrolyte 
(sometimes called the indifferent or supporting electrolyte) at a concen-
tration 50 to 100 times that of the reducible substance. The diffusion 
current is directly proportional to the concentration of the reducible 
substance in the solution} whether that substance be ionic or molecular. 
The migration current would never be an important factor in the limiting 
current of an uncharged reducible substance, unless an electric moment were 
easily induced in the molecule or the molecule possessed a permanent dipole. 
In the presence of a carrier electrolyte the migration current is so small 
that the limiting current can be assumed to be the sum of the residual and 
diffusion currents; and the magnitude of the latter can therefore readily 
be determined. 
Ilkovic (19J21) andJ laterJ MacGillavry and Rideal (37)J have 
treated the problem of diffusion to the expanding spherical electrode 
(D .M .E.) mathematically and derived the equation for the resulting current. 
This is 
where .:!:.t is the current at any time "t" during the life of the drop 
706 is a collection of constants~ i.e.} Faraday's constant} and 
area and volume constants 
n is the number of electrons involved in the reduction 
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D is the diffusion eoefficie-nt of reducible substances 
in cm.2 /see. (34-) 
C is the concentration of reauctible substance-in the 
body of-the s(:)lution in mmoles/1. 
m .is the weight of mer:eury flowing fr.om the .capillary in 
:mg ... /sec. \._ 
t is the time in seconds, or drop time for ma;x:imu.m current 
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The -a,;\fe:r:&ge current,. defined as the eonstant current producing the 
same amount of electricity as the actual quantity produced by the drop, is 
i = 605:nD1/2cm2/3tl/6 microamperes a:v. 
The Ilkovic equation was derived assuming diffusion to a flat 
electrode surface, and so is not completely adequate for the small spheres 
of the D.M.E. Strehlow and VC?n Stackelberg (55) and Lingane and Loveridge 
(33) corrected for this by the introduction of another constant, Ji 7 given 
the value of 17 by the form.er and 39 by the latter investigators" The 
.·•·, ..• , 
corrected equation is 
I I I [ .. 1/2. 1/6j . 607:nD1 2c 2. 3t1 6 I AD . t id = . . m + . m173 microamperes 
Most current .. measuring devices are damped and so never register 
ma:x:imum current. For this reason, it is customary to measure the average 
current, although both are directly proportional to the concentration 
of the reducible substance. 
The previous discussion and following remarks assume that the 
microelectrode is used as the cathode and the reaction taking place at 
the microelectrode is, therefore, a reduction. It should be understood, 
however, that the microelectrode may also be used as the anode, and that 
a suitable oxidation can be measured just as easily and with comparable 
results. 
There is another capillary action which may take place if the 
concentration of reducible ion, through adsorption, becomes greater around 
the microelectrode than in the rest of the solution. Such adsorption re-
sults in a maximum in the limiting current which is neither predictable nor 
reproducible. This may be eliminated by addition of surface-active agents, 
such as gelatin, called maximum suppressors. Although it is concentration-
dependent, there is no simple relationship between the height of the 
maximum and the concentration of the reducible substance (24). 
Three types of product are possible in a polarographic re-
duction at the D.M.E. The product may be a solid soluble in mercury, a 
solid insoluble in mercury, or a substance which is soluble in the solu-
tion - e.g., an ion or a soluble molecule. 
For the simplest case, in which the reduction product, usually a 
metal, is soluble in the mercury of the D.M.E., Heyrovsky and Ilkovic (16) 
have derived the equation for the polarographic wave. This is 
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where ~e is the :potential of the dropping electrode 
E1; 2 is the half-wave potential 
0.0591 is a constant at 25°c 
n is the number of electrons involved in the recluetion 
i is the current at Ede 
11 is the diffusion current 
This equation :finds its greatest use in the calculation of 
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for the straight line obtained by :plotting Ede VB. log (i/id-i) has a slope 
equal to O .0591/n. Other factors remaining constant, for this case, E1 /::_"2 
is independent of the concentration of the reduci.ble ion. '.['his fact estab-
lishes the half-wave potential as a uBeful tool in qualitative analysi,,;. 
The behavior of ~/i~ , and the calculation of 11 n1', may also :find use in 
postulating the mechanism of reactions. 
The above equation also applies to the case where the reduction 
product is soluble in the solvent and is not, therefore, deposited at the 
microelectrode. It is strictly valid only when the original solution con-
tains none o:f the reduction :product. 
For the case involving a product deposited on, bv.t not solu1Jle 
in, the :mercury drop, the half-wave potential is given by: 
Eo 
m 
0.0591 ks O 0591 id 
---"-"-- log - + • J_og volts 
n fs n 2 
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where Eo is the standard potential of the solid metal 
-'.01 
!s is 605ru}/2m2/3t1/6 (Ilkovic equation) 
f -s is the activity coefficient of the metal ion at the 
electrode surface 
k 
E0 0.059l log...§.. is a constant when the temperature, the electrolyte en-
m n f 
s 
vironment, and the concentration of reducible material are constant. Further,... 
more, id is directly proportional to the concentration. Consequently, E1; 2 , 
' 
for this case, must vary with the concentration, although,a.s would be expected, 
the observed change is small. 
The above equations should apply accurately only to reversible 
electrode reactions. These equations may.not be used to test for reversi-
bility entirely, however, since E1; 2 may be constant and the plot of Ede 
vs. log (i/ia-i) may be a straight line for reactions which are not thermo-
dynamically reversible. 'l'he simplest test of reversibility consists of trac-
ing the polarographic wave cathodically, then retracing it anodically. The 
half-wave potentials should be identical (54). 
Nonaqueous Polarography 
All of the foregoing has been derived for, and largely applied to 
the study of' aqueous solutions) with the instrument diagran:uned in Figure la. 
It is obvious that a great many substances which should be easily oxidized 
or reduced are too insoluble to be studied in water, while others undergo 
hydrolysis too readily. When nonaqueous solutions are employed, the ap-
paratus of Figure la is limited in application by the voltage drop across 
the electrolysis solutiono This voltage drop is negligible if the re-
sistance of the solution is less than 1000 ohmso For solutions of higher 
resists.nee, it is necessary to correct Ede for the IB drop through the 
solution; for the applied voltage then is no longer the effective voltage 
of the D.M.E. Maximum cell resistance for automatic recording instruments 
has been set at 4000 ohms by Lewis, Quackenbush and deVries (31) and at 
8000 ohms by Arthur and Lyons (4)o The latter find, also, that the DoM,E. 
must be kept far enough above the reference pool to avoid stirring of the 
solution by the drop, adding an additional practical limit to the method" 
Despite these limitations, progress has been made using either 
mixtures of water and other solvents (42,57), or certain highly polar 
anhydrous solvents. Vitek (58) found the oxygen wave much larger in 
methanol than in water, and Allison (1) found removal of oxygen from the 
same solvent extremely important in obtaining good waves for leado Several 
investigators have used ethanol with success (23,59)0 Hans and van Stu~m 
(13,14) report good waves for CuC12 in 1-butanol and 1-pentanol. 
Other anhydrous, nonaqueous solvents used with success include 
glacial acetic acid ( 4, 5) , the glycol ethers ( 4 3), liquid ammonia (39), 
and ~ny more. All of these solvents give solutions of low resistance 
and provide, at best, only a beginning in the use of nonaqueous solvents. 
An entirely new approach to nonaqueous polarography has been 
provided by Arthur and Lloyd (35) with the development of the instrument 
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diagrammed in Figure lb . The basic differences between this high re -
sistance polarograph and the conventional polarograph-of Figure la are 
(a) the addition of a second anode (the stable reference electrode, S.RoEo), 
and (b) the use of a recorder which measures both the current and the 
effective voltage of the cathode. The electrolysis reference electrode 
(E .R .E.) functions as before, and may be a quiet pool of mercury or other 
reference electrode, and the current-measuring circuit is also conventional. 
The effective voltage, however, is measured between the DoMoEo and the 
S.R.E., the recorder circuit being so designed as to draw essentially no 
current. The electrolysis current may thus be plotted as a function of 
the effective voltage and the IR drop through the solution is of no signif-
icance. This instrument was designed by Arthur and thoroughly tested by 
Lloyd (35), with good resultso Included among the solvents tested were the 
alcohols, through 1-octanol, which gave cell resistances as great as 
500,000 ohms. 
Boron Compounds 
Some boron compounds have been known and used from antiquity, 
but recent, intensive work in this field has resulted in a need for new 
methods for the analysis of such compoundso Little has been done 
polarographically. For those boron compounds for which water can be used 
as a solvent, good analytical procedures are already available; for the 
others, the polarograph in its conventional form has been inadequate o 
Development of the high-resistance instrument, however, should make 
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polarography a useful tool in the analysi& of boron compounds. The 
following systematic survey of the compounds of boron, using the 
Sidgwick classification (51), can be used as a guide to the possible 
applications of the new polarograph, 
(1) Boron Hydrides .and Derivatives. Of the simple boron 
hydrides, the non-volatile compounds are not available in pure form. Of 
the volatile compounds, decaborane is the only solid and the only one 
that can be handled easily. 
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There are many derivatives of the boron hydrides, but the addition 
compounds could probably best be studied as the component parts. The RBH2 
group shows singular instability. Tetramethyl borane and diethyl borane 
are solids, but the chemical properties are little known. Among the nitro-
gen derivatives, the ammonium salts and the tertiary ammines, both aliphatic 
and aromatic, are solid and stable; although the amines and imines are not. 
Triborine triamine, "inorganic benzene", is a stable solid with numerous 
addition de~ivatives ~ut not much promise for oxidation-reduction reactions. 
The ether addition compounds, while solids, decompose so easily that either 
is a common solvent for other preparations. The boron alkyl oxides are un-
stable, volatile liquids. 
Boric acid and the borates are reported as not polarographically 
active (10), but a typical hypoborate, KOBH3, is a stable solid and a 
strong reducing agent. The hypoborates and sub-borates are intermediates 
in the hydrolysis of borane derivatives to boric acid or alkyl boric acids. 
One mention of borates in connection with polarography is not promising; 
Elving and Callahan (11) studied the polarographic behavior of thenoyl 
trifluoroacetone in a series of buffers, obtaining two waves in chloride, 
acetate and ammonia solutions, but only one wave in the borate buffer. 
They postulated formation of a four-membered ring including polar~ 
ographically-inactive bonds between boron and the two hydroX',rl group 
oxygens. This would make the borates, boric oxide, and the boric acids 
poor prospects for polarographic investigation. 
A wide variety of halogen derivatives is available, but all 
are unstable . 
The borohydrides are the most promising boron compounds for 
polarographic study. At least one, NaBH4 , is commercially available 
and readily purified (32) and is finding increasing use as a reducing 
agent. It hydrolyzes in water and reacts with acetone and methanol, the 
latter reaction apparently being quantitative when the reactants are mixed 
in stoichiometric proportions (48). Despite obvious difficulties,polar-
ographic studies of' NaBH4 have been ma.de in aqueous solution. Marshall 
and Widing (38) report two anodic waves, with half-wave potentials at 
-0.15 volts and -o.64 volts vs. the S.C.E. in a buffer of pH 10. Pecsok 
(44) reports a single anodic wave at pH 9, the reaction being irrevers .. 
ible, and involving eight electrons. ':{.'his investigator used this infor-
mation to postulate the mechanism of the hydrolysis and to calculate the 
standard E.M.F. of the half-cell reaction involving oxidation of sodium 
14 
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borohydride to sodium borate. Pecsok's calculations gave a value of 
1.23 volts -as cempa-r-ed to a previously reported value of 1.37 volts (40). 
Both pelarographic studies report that hy~rolysis is so rapid in more 
-aeidic-selutions--tha-t the polarogramS obtained are meaningless o 
(2) Metallic Borides-. There seems to be no point in studying 
the polarogra-phic beha-vior of these compounds in nonaqueous solvents be-
cause- of their low s0lubilities a-n.d, complex compositionso 
(3) Boron~Elarbon Bond Compounds. Owing to -its insolubility, 
boron carbide would be of no interest for this study; however, there are 
many alkyl and aryl compounds and derivatives that are- more promisin~. The 
tr-ia--lkyl compounds- a-:re a-;t:l gases -or liquids. The tria:ryl compounds, o,n the 
-- --- other ha--nd,- a-re-- a-1-1 s0lids:, are not so ea-sily fla-Ifllllab-le-; ~nd a:re ,quite 
s"table. -Wa-ter dees not rea-et with either class:, although alcohols, yield 
es=ters. ;They :w:ill·&lse-"aad -t1ie- &lk&li ,meta-ls-. All are· sensitive to oxi--
dizirrg- -a-gents; ·aJ'll.d under ·controlled condit-ions_ the_ three alkyl or aryl 
groups may be removed stepwise, yielding a series of boric acids and 
oxides. The diaryl acids, salts, esters and anhydrides, again, are solids, 
insoluble in water, but soluble in organic solvents. There are certain 
striking differences in chemical behavior between the monoalkyls and mono-
aryls, plus the fact that both include stable solids insoluble in water, 
which would indicate that these classes should be investigated separate.ly. 
Some alkyl and aryl boron halides are known and a few of these 
\ 
are solids, but they have not been studied extensively. The boron 
triaryls will dissolve alkali metals in ether solution giving products 
which are extremely sensitive to oxidation. 
(4) Boron-Nitrogen Bond Compounds. The compounds in which 
borbn is bonded only to nitrogen are prepared by the reaction of ammonia 
and its derivatives with the boron halides or boron sulfide. The first 
product is an amine, which on heating, changes first to an imine and 
finally to boron nitride, the latter being inert chemically. Many de-
rivatives of the boron amines have been prepared. Only the aryls exist 
as solids, however, and these are stable only when dry. 
(5) Boron-Oxygen Bond Compounds. Boric oxide, the boric acids, 
the metallic borates, the borotungstates and the fluoroboric acids are of 
no particular interest at this time. Alkyl esters are readily formed by 
the reaction of boric acid or oxide with the appropriate alcohol and are 
as readily hydrolyzed by water. The polyalcohols form some stable chelate 
compounds; and there are stable esters of inorganic acids and organic an-
hydrides. The latter, however, hydrolyze in water and are insoluble in 
organic solvents. 
(6) Boron Sulfides. There seems to be no reason to investigate 
the boron sulfide derivatives polarographically in nonaqueous solvents. 
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The e;icistence of only one boron sulfide has been proved and the derivatives 
are few and of little interest. 
(7) Boran Halides, The boron halides, as such, with their well-
known properties, would be of little interest here. No simple oxyhalides 
have been prepared, but the mono- and di-halogen oxyhalide series are 
known, with the usual violence of boron trifluoride plus alcohol curiously 
controlled and even resulting in some stable solids. 
(8) Boron Complexes, It is difficult to separate the complexes 
from the various classes of boron compounds discussed previously, but one 
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of the most interesting and useful chemical characteristics of boron is its 
ability to form a large number of stable complex ions and compounds by gain-
ing two electrons. The metal borohydrides, for instance, include the 
BH4 ion (see Section 1). There are also stable, solid, metal tetraaryl 
borates, but apparently thi tetraalkyl derivatives exist only in solution, 
The strongest electron donor of all in coordination with boron 
is nitrogen. Boron forms complexes with nearly all ammines, especially the 
tertiary amine derivatives. These decrease in stability in thls order~ 
boron hydrides, trifluorides, triaryls, trialkyls, trichlorides and esters, 
with the latter almost non-existent. The trifluoride, triaryl and tri-
alkyl ammines are stable to air oxidation in contrast with the parent boron 
compounds, and most of them are solids. 
The cyanides, organic nitriles, phosphine and arsine will co-
ordinate to some extent with the boron halides. 
The boron trihalides form crystalline complexes readily with 
ethers, :as well as with aldehydes, ketones and hydroxyl compounds. The 
trialkyl and triaryl boron compounds form complexes only with the hydroxyl 
and alky:J_oxy groups. The stable chelate compounds of boron have the 
ring joined through two oxygen atoms. 
Complex halides are confined mostly to the fluoride de-
rivatives, which are numerous and stable. Boron triaryls coordinate with 
alkaline fluorides and there are many aryl borofluorides. The tetra-
fluoroborate anion is well known and very stable. The correspondi.ng 
chlorides are known only in the case of the a'cyl derivatives. 
18 
SCOPE·OF RESEARCH 
Two circumstances combined to guide this project" The first was 
the development, in this laboratory, of a polarograph capable of use with 
solutions of very high resistance, To take full advantage of this new 
instrument, a series of compounds, not suitable for analysis by the usual 
commercial polarographs, was needed for investigation. 
The second circumstance was the rapid growth of interest in 
boron chemistry in connection with national defense. Many of the boron 
compounds of greatest interest are not soluble in water or other highly 
polar solvents; and a large number of those which are soluble in water 
undergo reactions in aqueous solution that make polarographic analysis 
impractical. It was decided, therefore, to employ the new polarograph 
in a study of the behavior of certain boron compounds in nonaqueous sol-
vents. Since the field was wide open, choice of individual compounds for 
investigation was dictated by solubility, stability and availability" 
One of the first problems encountered, naturally, was that of 
finding suitable solvents and supporting electrolytes. In order to 
facilitate selection of solvent systems for future work, the conductiv-
ities of solvent carrier solutions were measured to see if this could be 
used as a criterion of their probable usefulness" 
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EQUIPMENT AND MATERIALS 
Polarographs 
The polarograph used for the major part of this work was de• 
signed by Dr. Paul Arthur and built in this laboratory (35). Because 
the instrument employs some principles not found in the standard 
polarographs, and because'· the designing, building, and testing of the 
instrument were partially conc.urrent with the work reported in this 
study, the description will be rather detailed.. 
Figure lb shows the essential circuit diagram and Figure 3 
is the complete wiring diagram. The span voltage is supplied to the 
bridge by ~ and controlled by fu_ and .!:}_ • ~, with §? and ~3 (reYJ;?rs-
ing switches) and.~, supply the preset voltage to the bridge and provide 
a means for starting the polarogram at any desired potential. ~ is the 
m.icroelectrode reversing switch, operated in conjunction with ~7, which 
reverses the polarity of£, the electrolytic damping condenser. The 
amount of damping is controlled by ~o· 
The chart is calibrated by means of .§6 and the two standard 
cells (S.C.) • .§6 is shown in the operating position, with the calibration 
circuit eliminated. The other positions apply zero potential {absolute 
zero) or, selectively, the voltage from one or both standard cells across 
the input to the cathode follower (C.F.). 
20 
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Legend· for Figure 3 
I I:iead t{) -microelectrode (M) 
II Leed te·-ele-ctrolysis reference electrode (E .R.E.) 
III Lead to st&ale-reference electrode (s.R.E.) 
IV Leed -te eh.art (positive) 
V Lead ·t0 cha:Pt (negative) 
VT· Leee:··-t<b pen- (po~itive) 
VII Lead to pen (negative) 
B1 One toithree Eveready Hotshot 6-volt batteries, #1461, in 
series, as needed to provide maximum voltage desired 
B2 Two or three Burgess 1-1/2-volt batteries, in-series 
B3 Two or three Burgess 1-1/2-volt batteries, in series 
B4 One Burgess #4F 1-1/2-volt battery 
C Condenser, Mallory, #WP041, 2000 mf'd., electrolytic 
C.F. Cathode follower, high impedance (see Figure 4) 
P1 Potentiometer, wire-wound, 4 watt, 100 ohms 
P2 Potentiometer, wire-wound, 4 watt, 550 ohms 
P3 Potentiometer, wire-wound, 4 watt, 25,000 ohms 
P4 Potentiometer, wire-wound, 4 watt, 400 ohms. 
P5 Potentiometer, wire-wound, 4 watt, 100 ohms· 
P6 Potentiometer, wire-wound, 4 watt, 2 ohms 
R1 Resistor, Continental, carbon, X-type, precision, 30,000 ohms 
R2 Resistor, IRC type WW4J, wire-wound, 11,,1000 ohms 
s1 8P8T toggle switch 
82 , 83, gB 812 and 813 DPDT toggle switches 
84 and 87 DPDT center-off toggle switches 
85 , 89 and s10 8witchcraft Lever, #30361, 3 position, 
locking type switches 
86 Ohmite power tap, Model III, 11 contact switch 
811 Ohmite power tap, Model III, 11 contact switch with the 
following resistors attached, as shown, in counter-clockwise 
order: 
R3 Resistor, IRC, type WW4J, wire-wound, 1%, 5000 ohms 
R4 Resistor, IRC, type WW4J, wire-wound, 1%, 2000 ohms 
R5 Resistor, IRC, type WW4J, wire ""Wound, 1%, 1000 ohms 
R6 Resistor, IRC, type WW4J, wire-wound, 1%, 500 ohms 
R7 Resistor, IRC, type WW4J., wire-wound, 1%, 200 ohms 
Rg Resistor, IRC, type WW4J, wire-wound, 1%, 100 ohms 
R9 Resistor, IRC, type WW4J, wire-wound, 11,, · 50 ohms 
RlO Resist9r, IRC, type WW4J, wire-wound, 1%, 20 ohms ,,. I 
R.ll Resist~t, IRC., type WW4J, wire--wound, lr/,,' 10: phms 
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Positioning of the polarogram on the chart is done through the 
pen and chart upscale-controls. Both controls go through ~o ~-3, E.3 and 
!.:_4 control the chart upscale,· with §.5 the reversing switch. !3~4, !,:_5 , !'.f5 and 
.e,9 are the corresponding pen upscale controls. 
Current sensitivity is controlled by £ll" The pen circuit of the 
recorder is a veltage--measuring device; consequently, to obtain a pen record-
ing proportional to the current, it is necessary to connect the pen circuit 
se it will measure the IR drop across a fixed knewn resistance. ~l provides 
a number of such fixed resistances, hence, a wide range of current sensi-
tivities . 
.e,12 and .e,i3 are incorporated in the circuit as a means of putting 
the current-measuring resistors of §ii into either the microelectrode circuit 
or the electrolysis reference electrode circuit. These switches were not 
ne~ded in this worko 
The recorder used was the Minneapolis-Honeywell Brown Function 
Plotter, Model No. Yl53X32(VV) -X-120{V), commonly known as the X-Y recorder. 
The pen range is Oto 2.5 millivolts and the chart range Oto 3 volts over 
10 inches. Also specified for this use were the requirements that the 
chart circuit operate on an input impedance of 0 .• 1 megohms and that of the 
pen on an input impedance of 1000 ohms. The chart paper used was the 
Brown Instrument Noo 5873-NR, The speeds of both the pen and the chart 
movements were 4,5 seconds full scale" 
The pen movement is proportior:tal to the current (see above), 
as usual. The chart movement, however, is proportional to the effective 
I 
voltage as measured between the microelectrode and the stable reference 
electrode, the chart moving forward and backward as the voltage increases 
and decreases. This differs from the iilation of the standard strip--chart 
recorders used on commercial polarographs, which ru:i.v-e a constant-speed 
chat·t drive motor synchronized with the bridge dt:ive to give a chart 
movement proportional to the applied voitage. Tb avoid IR drop in the 
chart circuit of the x .. y recorder, the input impedance of the recorder 
must be mu.ch greater than the resistance of the.cell circuit, Since some-
cell resistances were as high as 0.5 megohm, the cathode follower had to 
be included in the circuit. 
The cathode follower and power supply are shown in Figure 4, 
with the Sola constant-voltage transformer necessary to smooth out the 
line voltage. !:3 is used to adjust the A.Co heater voltage for ~ to 
2.9 volts. With a 1 megohm fixed carbon resistor across the input, the 
input and output of the cathode follower are set to minimum voltage by 
adjusting !:i (controlling the B+) and~ (controlling the grid bias)o 
The optimum operating values were approximately 40 volts and -13 volts, 
respectively. Very careful adjustment is necessary to achieve the rated 
100 megohm input impedance of the cathode follower, but the IR drop 
through the input of the cathode follower ... i.e.,. the chart circuit -
is then negligible. 
Due to the sensitivity of the instrument 1 all electrical leads 
were of shielded cable. The polarofi5raph and all other pieces of 
r --------.--- --.--------~ 
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Power Supply Cathode Follower 
Figure 4, Cathode Follower and Power Supply 
f\) 
\JJ 
B1 Plate supply for V 2 
B2 NegeAive bias for v2 
Legend for F:i,.gure J+ 
C 1 and c2 Condenser, 20 microfarad, electrolytic, 150 volts D .C • 
c3 and c4 Condenser, 0.01 microfarad, 50 volts, D. C. 
c5 and C6 Condenser, 10 microfarad, electrolytic, 150 volts D\ C" 
F Fuse 
G Ground line 
H Heater supply for v2 
I Input to cathode follower 
L 110 volt A. C. line input 
0 Cathode follower output 
P1 Potentiometer, wire ... wound, 25,000 ohms 
P2 Potentiometer, wire-wound, 50,000 ohms 
P3 Potentiometer, wire-wound, 250 ohms 
R1 Resistor, 5 watt, 5,000 ohms 
R2 Resistor, 5 watt, 5,000 ohms 
R3 Resistor, fixed carbon, 22,000 ohms 
R4 Resistor, fixed carbon, 100 megohms 
R5 Resistor, fixed carbon, 10,000 ohms 
Re Selenium rectifier, 100 milliamperes, D. C. 
S Line switch 
Tp Power transformer, primary 
T1 Power transformer, secondary, 100 volts 
T2 Power transformer, secondary, 6.3 volts 
V 1 Voltage regulator tube, OB2 
v2 Power pentode tube, 6AK5 
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electrical equipment possible in the rooni were grounded, with separate 
ground wires where needed. Kerosene was used in the constant-temperature 
bath {for the cell) to minimize conductance. In spite of this precaution, 
lightning produced pips on the polarographic waves when the instrument was 
operated during a thunderstorm. 
In making cathodic waves the potentials move the chart down 
(ioe., the line representing voltage increase moves up) and the pen 
(current) to the right. In rnaking anodic waves, the chart and pen are 
first moved upscale as far as possible and the voltage and cm-rent-
measuring potentials then oppose the upscale potentials. Thus, the 
anodic waves are traced toward the bottom (voltage) and left (current). 
This difference has been retained in the figures to follow. 
Some preliminary work was done on a Sargent Polarograph 
Model No. XXI, using a Brown Potentiometer Model No. Y153Xl2V-X-30.A..KN4(V) 
as the recorder. 
Cell and Electrodes 
The 11 Double-H11 polarographic cell was used for all work vdth or-
ganic solvents (see Figure 5). The reference cells are the acetone sat-
fjr"J' 
Cf 
urated calomel (A ,S .c .E.) type. The bottom layer is mercury; the next layer 
is a mercury-merc:urous chloride-lithiurr..1 chloride,,acetone paste. On top 
of this paste is a thin layer of lithium chloride, and acetone saturated 
with lithium chloride and mercurous chloride is the electrolyte solution. 
rvV. -
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N N LJ-S .R .E. E .R .E. 
Figure 5, "Double-H" Polarographic Cell 
Legend for Figure 5 
r .. 
A Gas dispersion tube with fritted disc, lOM 
B Fritted disc, lOM 
C Sealing tubes, straight, with fri tted disc, lOM 
D Dropping mercury electrode 
E Small test tube to collect mercury from D .M .E. 
F Rubber stopper 
G Soluti~n inlet tube 
H Nitrog~.inlet tube 
J Rubber . .,tub~, .su:dgical, seal 
K Standar.d taper joint, 29/42 
L Standar,d taper joint, 19/38 
M Stopcock, straight bore, No. 2 
N Platinum wire contact 
29 
A platinum wire, sealed into three millimeter soft glass tubing, dips 
into the mercury -layer to make contact. Contact between the platinum 
and the externalcqiper lead is made by means of Wood 1 s metal. Evapora-
tion of the acetone is minimized by use of the standard taper joint and 
the surgical rubber tubing seal where the tubing containing the contact 
wire enters at the top (J)" 
Marine barometer tubing, available from the Corning Glass Works, 
Corning, N.Y, was used for the dropping mercury electrode. The micro-
electrodes were selected to give a drop time of three to six seconds, the 
longer period being found most desirable. Since each solvent used had a 
different effect on the dropping characteristics of the D.M.E.; it was 
necessary to use a separate electrode for each solvent and adjust the 
drop time accordingly. For ease of operation, the detachable D .M.E" 
developed by Lloyd (35) was adopted. 
Although most of the work was done with the D .M.E., some ex .. 
ploratory work was done using the rotating platinum electrode described 
by Lewis (30), with the platinum wire sealed in soft glass tubing. The 
usual steel shaft covered with ceresin wax could not be employed,because 
the wax becomes soft in organic solvents. The glass tubing was cemented 
to the rotating shaft and contact made by means of copper wire and mer-
cury. Because of the size of the electrode, the "Double-H" cell was 
used without the inner jacket. 
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Conductance and Resistance_ Measuring Apparatus 
The conductance cell used was the vertical pipette type,with 
one centimeter plates two centimeters apart. The cell constant, deter-
mined from a series of standard. pot·assium chloride solutions, was O .6843. 
Due to the nature of the solutions used, the platinum plates were not 
coated with platinum black. All measurements were made at 25 ±o .1 °C., 
with the cell immersed in a kerosene bath. 
Resistances were determined with a Luder bridge (36). Because 
the need was for wide range rather than great accuracy, the variable re-
sistance box shown in Figure 6 was constructed. This was used as the 
variable resistance for the Luder bridge, the connections being made at 
terminals III and IV. The appropriate resistance range was selected, 
using fu and ,e_3, and the cell (conductivity or electrolysis) resistance 
was balanced. The resistance box was then disconnected from the Luder 
bridge and connected across a potentiometer. With the battery turned 
on at .e_i, the ratio of the potentials across the fixed resistance,~ 
(at VI and VIII), and across ~ plus the variable resistance (at VI and 
VII) could be used to calculate the variable resistance. 
The above potentials we,re measured using a Gray Instrument 
Co. No. 9244 potentiometer with a Leeds a.nd Northrup galvanometer. The 
potentiometer was palibrated again.st a standard cell obtained from The 
Eppley Laboratories, Inco 
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Variable Resistance for Cbnductance Bridge 
· Legend 
I Positive lead to Burgess #4F 1-1/2 volt battery 
II Negative lead to battery connected at I 
III Positive lead for potentiometer measurement 
IV Positive lead for variable resistance measurement 
V Positive lead for fixed resistance measurement 
VI Negative lead for resistance measurements 
VII Variable resistance for conductance bridge 
VIII Variable resistance for conductance bridge 
P1 Potentiometer, 1,0 · megohm, carbon 
P2 Potentiometer, Ool megohm, carbon 
P3 Potentiometer, OoOl megohm, carbon 
R Resistor, IRC, Type;WW4J, wire-wound, 1%, 100,000 ohms 






The polarograph was calibrated using the potentiometer as a 
voltage source, with known resistances in place of the electrolysis 
and reference cells. 
Reagents 
The following reagents were used~ 
Acetone. A. S. Aloe reagent grade was used after drying over 
anhydrous potassium carbonate and distillation from fresh anhydrous 
potassium carbonate. 
Acetanilide-boron trifluoride. This was furnished by Donahoo 
and Annino of these laboratories who had prepared the compound by the 
method of Muetterties and Rochow (41). 
1-Butanol. Merck analytical reagent grade was used after dry-
ing over anhydrous potassium carbonate and distillation from potassium 
hydroxide pellets. 
n-Butyl ether. Matheson, Coleman and Bell C.P. grade was used 
after drying over sodium wire and distillation from fresh sodium wire. 
Cetyldimethylethylarnmonium bromide. Matheson, Coleman and 
Bell C.P. grade was used without further purification. 
2-Chlorovinyl boric acid. This was prepared by the method of 
Arnold (2,3). 
Decaborane. This was supplied by a source which, for security 
reasons, may not be disclosed. It was prepared by the method of Lauben-
gayer and Bottei (28) and was used without further purification. 
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Ethyl ether. Mallinckrodt purified grade was used after dry-
ing over sodium wire and distillation from fresh sodium wire. 
Hydrogen chloride. This was prepared by dropping sulfuric 
acid on sodium chloride and was dried by passing it over Hydralo. 
Isobutylene. Matheson C.P. grade· was used without further 
purification. 
Isopropyl ether. Matheson, Coleman and Bell C.P. grade was 
used after drying over sodium wire and distillation from fresh sodium 
wire. 
Lithium chloride. Mallinckrodt analytical reagent grade was 
used after drying several days at 110°C. 
Mercurous chloride. Mallinckrodt analytical reagent grade 
was used without further purification. 
Mercury. A. S. Aloe U .S .P. redistilled mercury was used 
after filtration on a gold filter and distillation in vacuum. 
Methanol: A. S, Aloe reagent grade was used after drying 
over anhydrous potassium carbonate and distillation from fresh an-
hydrous potassium carbonate. 
Methyl borate . This was prepared by the method of 
Schlesinger, et. al. (49). 
2-Methyl-1-propenyl boronic acid. This was prepared by the 
method of Braude and Timmons (8) as modified by Letsinger and Skoog 
(29). The starting material was isobutylene. 
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Nitrogen. Linde water-pumped nitrogen was used after passing 
it successively through a tower of concentrated sulfuric acid, two 
towers of alkaline pyrogallol and a tower of the solvent used in the 
polarographic cell. 
Phenyl boric oxide. This was furnished by Donahoo and Annino, 
who prepared it by the reaction of the appropriate Grignard reagent 
with methyl borate. 
Potassium. carbonate. Mallinckrodt anhydrous analytical re-
agent grade was used without further purification" 
Potassium chloride. Merck reagent grade was used without 
further purification. 
Potassium hydroxide. Merck reagent grade was used without 
further purification, 
Pyridine borine. This was furnished by the source mentioned 
earlier and was used without further purification. 
Pyrogallic acid. Merck U.S.P. grade was used without further 
purification. 
Sodium borohydride. Metal Hydrides technical grade was 
purified ·by the method of Lindemann ( 32) . 
Sodium chloride. Mallinckrodt analytical reagent grade was 
used without further purification. 
Sodium tetramethoxyborohydri~~- This was prepared by the 
"' 
method of Schlesinger, et. al. (48). 
Sodium tetraphenyl borate" This was furnished by the source 
mentioned earlier. Analysis showed 3 .14% boron and 81.0% carbon, with 
the theoretical composition 3.16% boron and 84.1% carbon. It was used 
without further purification. 
Sulfur. Merck U .B .Po, precipitated, was used without further 
purification. 
Sulfuric acid. A. S. Aloe C.P. reagent was used without fur-
ther purification. 
Tetra-n-butylammonium iodide" This was prepared by refluxing 
tri~n-butylamine and n-butyl iodide in ethanol for 48 hours. The product 
was recrystallized three times from benzene. 
Tetramethylammonium chloride . Matheson practical grade was 
used after recrystallizing three times from benzene" 
Tri- o( -naphthylboron. This was furnished by Donahoo and 
Annino who prepared it by the method of Brown and Sujishi (9). 
All distillations of organic reagents were carried out using 
a three-ball Snyder colunrn. All parts were glass, with standard taper 
ground-glass joint connections. 
EXPERIMENTATION AND DISCUSSION 
Polarographic Cell 
The use of glass frits in connection with the junction between 
the acetone saturated calomel electrode (A.S.C.E.) and the electrolysis 
cell (see Figure 5) caused some concern in the first stages of the ex-
perimental work. Evidence that the electrolyte solution from the ref-
erence cells did not enter the electrolysis section was obtained in the 
following manner: A solution of 1-butanol saturated with lithium chloride 
was used as the electrolyte and a polarogram was made. Several drops of 
acetone saturated with lithium chloride and mercurous chloride were 
added to the solution and the run repeated. The type of erraticity found 
in the resulting polarogram was not encountered in any other operation, 
and the amount of leakage through the frit could therefore be considered 
insignificant. 
Solvents and Carriers 
There is little precedence for selection of solvents and 
carriers for high-resistance polarographic work. The chemical nature of 
the boron compounds of interest precluded use of any organic solvent-
water mixtures; and the availability of the new high-resistance polaro-
graph afforded the opportunity of at least trying some entirely new 
polarographic soJ.,vents. 
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Methanol and ethanol are well known as solvents (24), and 
even 1-butanol has been used successfully as a solvent (13). Ethylene 
glycol (12), glycol ethers and Cellosolve have been found useful, but 
dioxane has not (43). In the light of the above information, the study 
was started from another viewpoint. The most promising solvents for boron 
compounds, from the standpoint of solute stability, solute solubility, 
solvent.volatility, and possible solution conductivity, were selected. 
First, n-butyl ether, isopropyl ether, and, finally, ethyl ether, were 
tried; then 1-butanol, methanol and 3~pentanohe. 
It is _impossible to separate the problems of suitable solvent 
and suitable carrier, but with the solvents selected, the type of 
carrier is limited. Lithium chloride, tet~amethylammonium chloride, 
tetra-n-butylamrnonium iodide and anhydrous hydrogen chloride have 
often been used (15, 16, 58), and cetyldimethylethylammonium bromide 
might well present some advantage through the increased solubility 
induced by the presence of the cetyl group. 
When it became apparent that some combinations were suitable 
and others were not, it was felt that a guide to the prospective use-
fulness of a solvent and/or carrier might be obtained by determination 
of conductivities. Although the number of combinations tried in this 
study was hardly large enough to make unequivocal predictions, the re-
sults should be of use in the future in evaluating prospective carrier 
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solutions. The conductivities reported (see Table I) are intended 
to show an order of magnitude only. 
Electrolysis cell resistances should furnish the same kind 
of information, especially (as in this case) where the same cell is 
used throughout, Cell resistances reported (see Table II) are an 
average of the resistances measured between the microelectrode and 
the respective reference electrodes. These values never differed by 
more than 10%,and were usually much closer. 
Some important characteristics of the solvents considered 
are as follows: 
n-Butyl ether. Saturated solutions of the carriers were 
used because none of them were soluble to the extent of 0.1 M. All 
solutions were run at maximum sensitivity, and with the applied voltage 
high enough (up to 20 volts) to register the maximum effective voltage 
on the chart, All were run cathodically; and the saturated tetra-n-
butylammonium iodide solution was run anodically. There was no evi-
dence of a carrier wave in any case. 
Isopropyl ether. The same procedure was used, with identical 
results (as in the case of the n::butyl ether). In addition, the tetra-
methylammonium chloride and tetra-n-butylammonium iodide solutions 
were saturated with sulfur and cathodic runs were made. There was no 



































































































1 (s) 3xlo-4 
Solution saturated with respect to the solute 
Lith:i.um chloride 
Tetram~thylammonium chloride 
Tetra-n ... butylamrnonium iodide 
Cetyldimetn:ylethylammonium,bromide 




Cell Resistances of Carrier Solutions 
Carrier* Average Resistance 
Solvent Nature Concentration of Cell Arms (Ohms) 
n-Butyl ether 1 (s) l.Oxl06 
2 (s) 8.lxl05 
3 (.s) 6,7x105 
4 (s) 5.4x105 
Isopropyl ether 1 ( s1) 8,0xl05 
2 (s) 5 .4:x:105 
3 (s) 6.7x105 
4 (s) 8.lxl05 
1-Butanol 1 (0.1 M) 4 8 .5x104 
1 (s) 7,9xl0 
Methanol 1 (0,1 M) 6,2x103 
3-Pentanone 3 (0,1 M) 2.4x104 
Acetone 1 (s) 6.2xl0 
4 
*(s) Solution saturated with respect to the solute 
(1) Lithium chloride 
(2) Tetramethylammonium chloride 
(3) Tetra-n-bu;tylammonium iodide 
(4) Cetyldimethylethylammonium bromide 
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Ethyl ether. Conductivities were determined for the ethyl 
ether solutions asan exploratory.experiment, primarily to evaluate 
the possibilities of anhydrous hydrogen chloride as a carrier. However, 
since ~thyl ether has a boiling point of 34 .6°C., and much of this work 
was done at a time of year when laboratory temperatures were seldom 
below 35°c., the ethyl ether solutions were not used polarographically. 
1-Butanol. Both saturated and 0.1 M lithium chloride solu-
tions are capable of giving good carrier waves in 1-butanol. Lithium 
chloride does not dissolve rapidly (the 0.1 M solutions had to be shaken 
mechanically for at least one hour) , so rather than risk incomplete 
saturation, the 0.1 M solution was used for most of the work, although 
some of the boron compounds were run in the saturated solution in hopes 
that the increased conductivity would make a difference. There is 
evidence that the quaternary ammonium salts might interfere anodically 
(25, 45). 
The.first attempts to obtain cathodic polarographic carrier 
waves with 0.1 M lithium chloride in 1-butanol gave promising results, 
but the waves were not reproducible. There were three, small, erratic 
waves present, the first appearing almost immediately, the second at 
about -0,8 volts, and the third almost on the carrier. Elimination of 
these proved to be a major problem. 
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In the first procedure used, the 1 .. butanol was dried over an-
hydrous potassium carbonate, and then distilled from fresh anhydrous 
potassium carbonate into an Erlenmeyer flasko All joints were ground 
glass, the vacuu.m. adaptor tube outlet was connected through a drying 
tube, and the distillate was stored in the collect :i.ng flask J with a 
ground glass stopper" The carrier solution was degassed outside the 
cell for 30 minutes while the cell was flushed with nitrogeno The 
degassing tube was· eonnected to the cell at Q, (see Figure 5) after 
flushing out the connecting glass tube with degassed solution, and 
the cell was then filled. This procedure resulted in the erratic, 
non-reprqducible waves mentioned above, 
The degassing time was increased to 45 minutes, and then 
to one hour. Some improvement resulted" Solutions that had been 
standing for a week were compared with those freshly distilled, and 
fresh distillation was thus found to give further improvement, The 
sidearms were plugged with glass wool and the electrolysis cell flushed 
with degassed solution before filling, but this had no favorable result. 
Leakage from the reference electrodes through frit Q was 
again suspected, but a test of this showed negative results (page 37), 
The degassing time was increased to two hours and the 1-butanol was 
distilled in an atmosphere of nitrogen,. to no availo 1-Butanol was 
able to dissolve very large amounts of oxygen. 
The first two waves, apparently both due to oxygen, were 
finally eliminated by altering the electrolysis cell to allow degassing 
of the solution in the inner jacket. In the final procedure, which was 
used as sta.ndard for the remainder of the study, the solution was de-
gassed outside the cell for 30 minutes, and was then added to the cell 
as before, the cell having been flushed out with nitrogen meanwhile, E 
(Figure 5) was provided with a hole and a wire hook extending through the 
stopper f, and the solution was degassed through frit ~- By pumping~ up 
and down, the entire inner jacket solution could be thoroughly degassed 
in 15 minutes. G was stoppered and a slit in~ left as the only 
nitrogen outlet, 
The third wave proved to be an aldehyde wave which was 
eliminated by distilling the 1-butanol from potassium hydroxide in-
stead of anhydrous potassium carbonate. Smooth, reproducible carrier 
waves were then readily obtained. 
The precautions outlined above were adopted for all other 
organic solvents, and no further trouble was encountered from oxygen. 
The importance of using freshly-distilled solvents and of properly 
degassing the electrolysis solutions cannot be overemphasized. 
Methanol. Because methanol can be used as a solvent in 
low-resistance polarographic work (1, 58), it was not of interest per 
se in this study. During the investig~tion of sodium borohydride, 
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however, it was felt that data on its behavior in the corresponding 
methanol solutions would be of some help in interpreting results 
(see page 5 )o For this reason, only the O.l M lithium chloride 
solutions were used with methanol. Methanol does not present the 
severe problems in technique encountered with l-butanol, and, with 
due precautions, good results are readily obtainedo As expected, 
conductances (Table I) and cell resistances (Table II) are comparable 
with-those of water. 
3-Pentanone. Tetra-n-butylarnmonium iodide is readily 
soluble in 3-pentanone, and was therefore used at a concentration of 
O.l M. The degassing problem is acute, as with 1-butanol, but the 
effect on the D.M.E. is even more serious. Even with a drop time of 
six seconds in the carrier solution before starting a polarographic 
run, by the epd of the run the D.M.E. is almost a streaming electrode, 
end does not .return to normal- when the applied potential is removed. 
For this reaspn, although cq:p.ductances (Table I) and cell resistances 
(Table II) indicate that tetra-n-butylammonium iodide in 3-pentanone 
might be a useful carrier solution, it was not investigated further, 
Water. Water was used only in the preliminary investigation 
bf sodium bor·ohydride (see wage 5 ) and is only included in Table I for 
comparison purposes" Water was never used in the cell of Figure 5. 
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Ac~tone. Acetone was not used as a solvent. The solution 
listed in Tables I and II is the solution used in the reference electrodes, 
and is included for comparison. 
Boron Compounds 
For convenience, the boron compounds studied have been arranged 
according to the classification system outlined in the "Introduction"" 
The results were as follows: 
Decaborane. Decaborane, B10H14, is the only stable, solid 
boron hydride known at present. The melting point is 99.5°c. and the 
vapor is monomeric. It hydrolyzes slowly in water (52), although it is 
only slightly soluble, and it is readily soluble in the common organic 
solvents, including 1-butanol. There was no immediate reaction visible 
with the carrier solution used, which was 0.1 M lithium chloride in 
1-butanol; but when the solution was shaken after standing for 24 hours, 
some bubbles appeared. 
Figure 7 shows the cathodic wave obtained with lxlo-3 M 
decaborane in 0.1 M lithium chloride in 1-butanol, which is about trle 
lowest useful concentration which can be used under the conditions of 
this work. As the concentration was increased, a second wave appeared 
(see Figure 8). This was well-defined at a decaborane concentration 
of 2.5x10-3 Mand was easily measurable up to 8x10-3 M. At the higher 
concentrations, however, the second wave was intermittent, and its 
I 0.5 V 
Effective Voltage 
Figure 7. Decaborane in 1-Butanol 
Concentration 1 x 10=3 M 
Carrier 0.1 M LiCl 
Reference electrodes A.S.C.E. 
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runs, with the same solution, the second wave appeared on the first ,, 
and fourth runs, but not on the others. At lOxlo-3 M decaborane con-
centration the second wave had disappeared entirely. 
Two reactions were apparent during the making of polarograms. 
First, there was a gray deposit in the sidearms and bottom of the 
electrolysis cell. This was thought to be mercury, obtained as a 
reduction product from a reaction between decaborane and the mercurous 
chloride of the reference electrodes. To check this theory, the outer 
jacket of the electrolysis cell was filled with a solution of O .1 M 
lithium chloride in acetone, eliminating direct contact between the 
A.S.C.E. and the electrolysis solution, but eliminating only the 
decaborane-mercurous chloride in terms of possible reactants. The 
gray deposit did not appear under these conditions. 
Evidence of a second reaction came in the form of bubbles 
in the electrolysis cell while making runs with the higher concentra-
tions of decaborane. These bubbles appeared after electrolysis started, 
and did not cease when the potential across the cell was removed. As 
many as six consecutive runs were made, and the bubbling continued, 
but with no apparent effect on the wave heighto 
Allowing the electrolysis solution to stand in the cerl in 
an atmosphere of nitrogen did not affect the wave height over a period 
of four hours. However, in another case a difference was noted, A 
sufficient quantity of solution was made up to furnish more than one 
set of runs and part of it was run immediately. The remainder was 
allowed to stand, in a stoppered bottle but not degassed, for 24 hours 
before using. The second portion gave a wave ti.eight approximately 
2o{o of the wave height of the first portion, and with only the first 
wave appearing (see below). For this reason, all decaborane runs were 
made on a rigid time schedule, the timing beginning with the addition 
of the decaborane to the carrier solution. 
Table III summarizes the relationships between the concen-
tration, diffusion current, and half-wave potential. Comparison of the 
total wave height at a decaborane concentration of 2.5x10-3 M with the 
single wave at lxl0-3 M would seem to indicate that the second wave is 
merely a splitting of the original, but the slopes of the two waves are 
not the same. The half-wave potentials for both lxl0-3 Mand lOxlo-3 M 
seem to belong to the first wave series and not to a total wave combin~ 
ation. Separation of the two series of half-wave potentials increases 
with increasing concentration, and at lOxlo-3 M the second wave dis-
appears into the carrier. 
Attempts to obtain an anodic wave were unsuccessful. 
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Despite the shift of E1; 2 with concentration and the lack of 
anodic results, "n" was calculated from a plot of E vs, log (i/id-i). 
The values of "nn obtained (0.23 for the first wave and 0.55 for the 
second wave) indicate either that the reactions are irreversible or that 
they are rate-controlled. 
Pyridine Borine. Pyridine borine, c5H5NBH3, is produced by 
the reaction of diborane and pyridine at O'C. At room temperature it 
is a liquid (melting point 11•c.), but its vapor pressure is so low it 
cannot be used satisfactorily in a vacuum apparatus (50). The pyridine 
can be displaced by compounds such as trimethylamine (47). It is 
apparently soluble in 0.1 M lithium chloride in 1-butanol, but a 
2.65x10-3 M solution of pyridine borine in the carrier gave no polaro-
graphic wave with the dropping mercury electrode, cathodically or 
anodically. 
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_Sodium Borohydride. Sodium borohydride, NaBH4, was the first 
and most intensively-studied compound of this entire series. !t had 
already been studied polarographieally in aqueous solutions (38,4-4); 
it was already well-known and important chemically (7,18,32,49); and :Lt 
was readily available in good purity. Most of the techniques used 
throughout the remainder of the work were evolved during the study of' 
sodium borohydride. 
Sodium borohydride is stable to 400°C. and dissociates in 
water, :i..n which it is readily soluble, into sodium and borohydride ions 
(53). Hydrolysis is slow in cold water (10% per da.y), but decomposition 
is complete in two minutes at lOO"C., and is even faster in alkali (18) . 
This, plus the fact that sodium borohydride reacts with acetone and 
methanol (48), makes low-resistance polarographic methods difficult, at 
best" Sodium borohydride also is insoluble in ether (7), which mi.ght 
indicate difficulty in :finding even a suitable high-re,si:3tance solvent .. 
To begin with, sodium borohydride was studied br:iefly :Ln 
aqueous solution, with 0,1 M potassium chloride as the carrier, Using 
a solution buffered at pH 10, Marshall and Widing (38) found two anodtc 
waves, one at a half-wave potential of -0.15 volts and the other at 
-0 .64 volts, vs, the S .c ,E, 'I'hese results were conf:irmed in an un-
buffered solution, with the D ,M.F.:., using the Sargent Polarograph 
Model XXI. Both Marshall and Widing and Pecsok ( 4.4) used basic 
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buffered solutions because of the rapid decomposition of the sodium 
borohydride in neutral and acidic solutions. Pecsok reported the 
formation of hydrogen gas as one of the products of the hydrolysis of 
sodium borohydrideo An attempt was made to use the rotating platinum 
microelectrode, but, as might have been expected (44), gas bubbles 
collected on the microelectrode and the resulting waves were meaningless. 
Of more significance was the rate at which the diffusion 
current of sodium borohydride in aqueous solution decreased with time 
compared with the rate of decrease of the diffusion current in the 
1-butanol and methanol solutions used latero This is summarized in 
Table IV. After eight hours, the aqueous wave had disappearedo 
Sodium borohydride was next run in 1-butanol, in which a 
slow rate of solvolysis is expected, Table IV shows this to be the 
case, with a small wave still present after 24 hourso Because of this 
slow reaction, the procedure was standardized and run on a carefully-
timed schedule, as in the case of decaborane. 
An additional difficulty was caused by the fact that although 
sodium borohydride is soluble in 1-butanol, it dissolves only slightly 
and very slowly. For this reason, the solutions called "saturated" 
were prepared by shaking excess solute with 100 mlo of a 0.1 M lithium 
chloride in 1-butanol solution in a 250 ml. volumetric flask for 30 
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* Concentration of sodium borohydride at beginning was~ in water, 
lxlo-3 M; in methanol, lxlo-2 M; in 1-butanol, 4,6x10-2M. 
showed that this produced a Oo046 M solution of sodium borohydride, 
This solution was then filtered and diluted with carrier solution to 
give the desired concentration for the polarographic studies; and this 
procedure was incorporated into the time schedule for making runs, 
Figure 9 shows the anodic wave obtained with sodium boro-
hydride, and Table V gives the concentration, diffusion current, and 
half-wave potential details, It will be noted that, due to the shift 
of E1; 2 with concentration, and the shape of the wave, it was im-
possible to measure the diffusion current for all of the waves at the 
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same effective voltage. At the highest concentration, the wave is 
very close to the carrier wave and measurements therefore cannot be 
considered reliable, the extreme values being ±10% as compared with 
±3% for the other concentrations. 
Table V 
Concentration vs. Critical Constants for 
Sodium Borohy<lride in 1-Butanol 
Concentration Diffusion Current Half-wave Potential 
(Moles/1.) (Microamperes) (Volts) 
9.2x10-3 1.20 (v = o) -0.249 
18.4x10-3 1.35 (V = 0) -0.231 
27.6x10-3 2,27 (V = o) -0.216 
36.8x10-3 3,30 (V = 0,187) -0.126 
46.oxio-3 3.96 (V = 0.373) 0.079 
The diffusion current-concentration data from Table V are 
plotted in Figure 10. The shape of the curve and the fact that it does 
not go through the origin could readily be explained if one assumed 
(as was borne out by the evidence in Table IV) that some reaction took 
place prior to the electrolysis. In addition, oxygen may have reacted 
with some of the solute, for the sodium borohydride was dissolved in a 
carrier solution that had not been degassed (although the diluting 
solution had), 
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The wave does not give evidence of being satisfactorily re-
versible, although a plot of E vs, log(i/id""i) gives an "n" value of 2. 
A possible reaction would be 
No hydrogen bubbles appear, however. 



















Concentration, in rnmoles/L 
Figure 10 
Sodium Borohydride in l--Butano1 ·· 
As a compromise between the rapid reaction of sodium boro-
hydride with water and the limited solubility in 1-butanol, a O .1 M 
solution of lithium chloride in methanol was used as the carriero 
Sodium borohydride is readily soluble in this solution, but the rate 
of decrease of~ with time is also rapid. As shown in Table IV, 
the first wave disappears completely in about four hours, which makes 
necessary a rigid time schedule similar to that for decaboraneo 
Sodium borohydride in methanol gives no anodic wave, but 
yields two cathodic waves, both of which are well-defined and easily 
measured (see Figure 11). The concentration, diffusion current, and 
half-wave potential relationships are summarized in Table VI, That 
the reactions are not reversible polarographically is indicated by 
the fact that "n" values calculated from a plot of! vs. log(i/id-i) 
are O,o27 and O .25 for the first and second waves respectively, Lack 
of reversibility is also indicated by the shift of the half-wave 
potentials with concentration. 
The appearance of single anodic waves with sodium boro-
hydride in water and 1-butanol is as expected. The absence of an 
anodic wave and presence of two cathodic waves in methanol would in-
dicate some entirely different type of reaction. Schlesinger and co-
workers (48) report a reaction between sodium borohydride and methanol 
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quantities of reactants, they obtain a 90°/o yield, with an appreciable 
reaction even at -8o•c. The sodium tetramethoxyborohydride is re-
ported to give methanol at 145°C. and methyl borate at 25o•c. In an 
effort to establish the reaction involved in the electrolysis of 
sodium borohydride in methanol, both the sodium tetramethoxyboro-
hydride and methyl borate were prepared and run polarographically, 
Table VI 
Concentration vs. Critical Constants for 
Sodium Borohydride in Methanol 
Diffusion Current Half-wave Potential 
Concentration (I" A[mrnoleLl.) (Volts, neg.) 
(MolesLl .) 1st wave 2nd wave 1st wave 2nd wave 
·1.ox10-3 0.23 0.63 0.168 o .934 
4.oxio-3 0.18 0.38 0 .215 0.989 
7.ox10-3 0.14 0.24 0.218 1.008 
10.ox10·3 0.17 6.24 0.218 1.035 
Methyl Borate. Methyl borate, B(OCH3)3 , is the simplest 
alkyl ester, easily prepared by refluxing boric oxide with methanol and 
separating the resulting azeotrope with lithium chloride (49). It is a 
liquid, very sensitive to hydrolysis like the other alkyl est1;=rs (46), 
and had to be handled in the dry box. 
In connection with the previous sodium borohydride analyses, a 
study was made of methyl borate in 0.1 M lithium chloride in methanol, in 
which it is readily soluble. No polarographic waves were obtained with the 
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D .M.E., either cathodically or anodically, and anodic runs ma.de with 
the rotating platinum electrode were equally fruitless. 
Sod.ium Tetramethoxyborohydride. Sodium tetramethoxyboro-
hydride, NaB(OcH3)4, like methyl borate was studied in an effort to 
shed light on the reactions involved in the polarographic reduction 
of sodium borohydride. The carrier solution was 0.1 M lithium 
chloride in methanol, with the time sequence of all runs kept iden-
tieal with that used with the corresponding sodium borohydride solu-
tions. The sodium tetramethoxyborohydride is readily soluble in 
methanol at the concentrations used. 
Cathodically, a single wave appears. It is well-behaved 
except for the small diffusion current values, as shown in Table VII. 
These are smaller than the diffusion current values for the first wave 
of sodium borohydride, but the half-wave potentials compare favorably 
(see Table VI). 
Table VII 
Sodium Tetrainethoxyborohydride in Methanol 
Cathodic Anodic 
Concentration Ia E1/2 Ia E1/2 
(MolesLL) ( f"'.AJnp{mmoleLl.) (Volts) ( rt Amp{mmoleLl.) (Volts) 
4.oxio-3 0.063 -0.185 7.0 (V = 0.230) 0.156 
7.ox10-3 0.084 -0.199 6 • 3 ( V = 0 • 311) 0.206 
10.ox10-3 0.099 -0.207 5.8 (V = 0.374) 0.243 
4o.oxio-3 0.042 -0.169 2.5 (V:.: 0.654) 0.386 
· Table VIII s-hows the change -of 'ni:i'fusi-on current with time. 
The half-wave potential remains ccmstant within the experimental limits, 
11 n 11 for the cathod:i,.c wave, calculated as before, is O ,28. 
Table VIII 
Sodium Tetra~ethoxyborohydride in Methanol 

















Anodically, there is another wave, shown in Figure l2o The 
relationship between concentration,diffusion current,and half-wave 
potentials is shown in Table VIII. It was impossible to measure all of 
the diffusion currents at the same potential because of the shift in 
half-wave.potential. The higher concentrations again gave waves very 
close to the carrier wave; therefore the measured values for these can-
not be considered as reliable as the others. "n" is O 050, calculated 
as before, and the reaction gives evidence of being irreversible. 
is a typical stable, solid boron triaryl compound. It does not- react 
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with water, but with alcohols it is reported to give esters. 
The compound is soluble in 1-butanol to the extent of 
1x10·3 M only after one hour of mechanical shaking. A saturated solu-
tion of tri- Cl'-naphthylboron in saturated lithium chloride in 1-butanol 
carrier solution gave neither cathodic nor anodic waves, with either 
the D.M.E. or the rotating platinum electrode. 
Tri-«-naphthylboron is more soluble in 3-pentanone than 
in l..;butanol, but the presence of the tri- a-naphthylboron, saturated, 
reduced the conductivity of 0.1 M tetra-n-butylammonium iodide in 
3-pentanone carrier solution, so this was not run polarographically. 
Phenyl Boric Oxide. Solid phenyl boric oxide, C6H5Bo, 
is readily soluble in 1-butanol, Polarographic runs were made at a 
concentration of phenyl boric oxide of 1x10-3 Mand lOxlo-3 Min a 
carrier of 0.1 M lithium chloride in 1-butanol, and with the same 
at a concentration of 5x10-3 Min a saturated solution of lithium 
chloride in 1-butanol, There was no indication of polarographic 
activity anodically or cathodically with either the D.M.E. or the 
rotating platinum microelectrode, 
Unsaturated Aliphatic Boric Acids, Oxides and Halogen 
Derivatives. Although no results were obtained with phenyl boric 
oxide, the monoaryl and monoalkyl boric oxides and acids differ 
enough in their chemical properties to warrant separate investigation. 
64 
There was also interest in the effect of unsaturated aliphatic groups 
and halogens on the polarographic activityo The existence of solid 
monoalkyl boric acids made this a convenient starting point for the 
investigation of several possible reactive groups a 
The starting compound was chloroethylene boron dichloride, 
ClHC:~CHBC12 , prepared by passing acetylene and boron trichloride 
over a suitable catalyst (3) o The product is a liquid (boiling point 
91~c.) very sensitive to hydrolysis; consequently it was hydrolyzed 
to the corresponding solid acid (melting point 128•co). The acid is 
readily purified, stable in air, and soluble in water and in the lower 
aliphatic alcohols (2). 
Chloroethylene boric acid, ClHC::CHB(OH) 2 , contains all of 
the desired groups since it is a halogenated, unsaturated alkyl boric 
acid. In addition, any group responsible for any observed polarographic 
activity can quickly be isolated. Thus, the acid can be dehydrated to 
the oxide, (C1CH::CHB0) 3, which is another solid (melting point 55•c.) 
(2). In addition, 2-methyl-1-propene-l-boronic acid, (cH3)2c:~CHB(OH) 2 , 
can be prepared by the method outlined blf Braude and Timmons (8), using 
isobutylene and bromine as starting materials, and incorporating the 
lithium Grignard modification recommended by Letsinger and Skoog (29). 
The resulting solid acid (melting point 34·•c,) is soluble in water and 
ethanol. Use of this series of compounds ought to isolate the 
e·f·fects of the halogen, unsaturated alkyl group, boric acid and the 
boric oxide. 
The chloroethylene boric acid, being easiest to handle and 
deemed the most promising, was tried first. It is readily soluble in 
0.1 M lithium chloride in 1-butanol, but showed no evidence of polar-
ographic activity with the D.M.E. 
Despite this failure, the 2-methyl-1-propene-l-boronic acid 
was also tried. It, too, was readily soluble in 0.1 M lithium chloride 
in 1-butanol, and it, too, gave no evidence of polarographic activity 
with the D.M.E. Because neither compound was polarographically active, 
there seemed to be no point in preparing the rest of the series. 
Isobutylene,which was used as one of the starting materials 
in the preparation of the 2-methyl-1-propene-l-boronic acid, was also 
tried. It showed some solubility, but no polarographic activity in 
0.1 M lithium chloride in 1-butanol. 
The isobutylene did give a cathodic wave in Ool M lithium 
chloride in methanol, but since only boron compounds were considered 
in this research, no study of the wave was madeo 
Sodium Tetraphenyl Borateo Sodium tetraphenyl borate, 
NaB(C6H5)4, is a stable solid, although the corresponding alkyl de-
rivatives seem to exist only in solution (22)o 
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The sodium tetraphenyl borate appeared to be soluble in the 
carrier used (0.1 M lithium chloride in 1-butanol), but the solutions 
were always cloudy. However, the solute did not precipitate on stand-
ing. Some evidence of a cathodic wave was obtained with this solution 
but the wave was poorly defined and not at all reproducible at any 
concentration in the range from 0.8x10-3 M to 3xlo-3 M. Sometimes 
one wave appeared, at other times two, and occasionally no wave at all. 
The results could not be reproduced. 
The anodic wave, on the other hand, was well,-defined and was 
reproducible. Table IX shows that the correlation between the concen-
trations, diffusion currents and half-wave potentials is very poor. 
That this is due to the difficulty of making accurate measurements can 
be seen from Figure 13, which shows a carrier wave superimposed on the 
anodic wave. Even at this low concentration, the carrier merges rapidly 
with the wave for the compound, and the problem is not made any simpler 
by the dip which occurs in the wave. 
There are two other possible explanations for the erratic 
results. The solutions were cloudy, which could mean they were actu-
ally colloidal suspensions rather than true solutions. There was al-
ways, in addition, a possibility that the samples were not of uniform 
composition. To minimize any influe~ce of this type, the entire oper-
ating procedure was standardized and timed as carefully as possible; 
the values reported are averages of at least four runs. The sensi-
tivity setting of the instrument, where it could be varied, made no 
difference . 
Table IX 


































There is no evidence of decomposition or other reaction with 
time, the diffusion current and half-wave potential remaining constant 
over a period of two hours. 
Owing to the fact that the D.M.E. has a limited anodic range, 
the sodium tetraphenyl borate was also run using the rotating platinum 
microelectrode. Figure 14 shows the wave obtained, with the carrier 
superimposed. Since this was actually no better than the other wave, 
and since, as can be seen by a careful study of Figure 14, there was 
obvious contamination of the carrier by products diffusing from the 
reference electrodes, this study was discontinued. 
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0.5 V 
B 
Figure 13 o Anodic Wave of Sodium Tetraphenyl Borate 
in 1-Butanol at D.M.E. 
A - Carrier 
+ 
B - Sodium tetraphenyl borate 
Concentration - 2.5 x 10·3 M Reference electrodes - A.S.C.E. 
Carrier - 0.1 M LiCl Cell resistances, both -
76,000 ohms 
0 Effective Voltage 
0 .5 V 
B 
Figure 14, Anodic Wave of Sodium Tetraphenyl Borate 
in 1-Butanol 
Rotating Platinum Microelectrode 
A - Carrier curve 
B - Sodium tetraphenyl borate 
Concentration 1 x 10-3 M 
Carrier 
Reference electrodes 
Cell resistances, both 





Acetanilide Boron Trifluoride. Acetanilide boron tri-
fluoride, BF/C6H5NHCOCH3, decomposes just above its melting point, 
which is 1~3°C., is ;not hygroscopic, is soluble in acetone and in 
ethyl alcohol but is insolub~e in benzene and the ethers (56). It 
is readily soluble in 1-butanol, 0.1 M with lithium chloride. 
A study of :the comple:?C in this medium gave results that 
changed with concentration changes. At the lower concentrations, 
there were two readily-distinguishable waves, as shown in Figure l5. 
The less-negative wave was easily measured and was, in fact, useful 
over the entire concentration range tested. As the concentration 
increased, another wave appeared at a half-wave potential less 
negative than the other two. Figure 16 shows all three waves) 
(which shall be referred to hereafter as~, band c in order of in-
creasingly-negative half-wave potentials). 
Wave~ first appeared at a concentration of acetanilide 
boron trifluoride of 3xl0-3 M. As the concentration and diffusion 
current increased, the first two waves were sometimes hard to sep-
arate, beca~ae, if the instrument sensitivity was set high enough to 
give good values for the diffusion current,~ and b tended to merge. 
It was possible to measure the half-wave potential of ~, 
only at very low concentrations, and it was never possible to mea .... 
sure the diffusion current with any real degree of certaintyo This 
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was due to two factors; first, the drop time bece'flle erratic in the 
region of the.£. wave, although it was quite normal in the regions 
both preceding and following; and, second, the~ wave showed a maxi-
mum. When the maximum dropped off, the bottom of the c wave became 
obscured since the separation was small (see-. Figure 17). The dif .... 
fusion current for wave£ was measured where possible, but only as 
the sum of all three waves, i.e., from the residual current line. 
At higher concentrations the.£. wave disappeared into the carrier. 
The middle wave~, therefore, seemed to be the most useful 
analytical part of the polarogram. The relationships between the 
concentration, diffusion current and half-wave potential are sum-
marized in Table 10. There was no decrease in wave height over a 
period of three hours, indicating no decomposition in the solution. 
The "n" value for a is O .20 and for ~ is O .25, calculated as before. 
No auodic wave was ever observed. 
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Acetanilide Boron Trifluoride in 1-Butanol 
Diffusion Current Half-wave Potential 
Concentration ( fl. Amp {rmr;ol,e L 1. ) (Volts z neg.) 
(Mrnoles/1.) a b C a b - ,-, -
O .5 1.86 1.356 
1.0 2.02 L395 
2.0 2.13 1.472 
3.0 o.47 1.55 1.145 1.544 
4.o 0.73 1.84 1.196 1.665 
5.0 0.58 1.56 1.69 1.217 1.723 
6.o 0.77 1.26 1.66 1,293 - 1.843 
8.0 0.94 1.31 1.69 1.348 1.870 
10.0 1.15 1.519 
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CONCLUSION 
The high-resistance polarograph, at this stage of develop-
ment and with the cell used in this study, will give good results 
-4; with solutions of specific conductance of the order of 10 ohrn.-cmo, 
or electrolysis cell resistance of the order of 90,000 ohms. This is 
in contrast with the previous maximum cell resistance (using the con-
ventional polarograph) of some 8,000 ohms; and this opens up a whole 
new category of possible solvents and carriers. There seems to be no 
point in trying to use carrier solutions with specific conductance 
be low 10-6 /ohm, -cm. , but the intermediate range, between that used 
and the lower limit cited, may prove useful. 
It seems clear that some types of bonds formed by boron are 
, 
promising polarographically. The good results with decaborane indicate 
that either the boron-hydrogen bond or the boron-boron bond can be re-
duced, and that the polarographic method is certainly the simplest 
analytical method available for this hydride. 
On the other hand, the boron-nitrogen, boron-oxygen and 
boron-carbon bonds as such, apparently are not polarographically 
active, as shown by the behavior of pyridine borine, tri-ec-naphthyl-
boron, methyl borate_, phenyl boric oxide and chloroethylene boric acid. 
Results obtained with sodium borohydride, sodiu1n tetra-
methoxyborohydride and sodium tetraphenyl borate ind:J,cate that ad-
dition complexes of the boron hydrides, boron-oxy compounds and tri-
arylborons are also promising, especially if the anodic range of the 
rotating platinum microelectrode is utilized. The problem of carrier 
solutions for the sodium borohydride cannot be considered solved. 
The propanols would be the next solvents for investigatton. 
The mechanism of the sodium borohydride reduction is still 
obscure, although the similarity in half-wave potential found in the 
case of the first wave of sodium borohydride and the sodium tetra-
methoxyborohydride may indicate a common reaction. A reaption com-
mon to both compounds could only be due to the sodium and complex 
boron ions ( or sodium-boron bond), which does not seem likely, al-
though there is the alternative possibility that some sodium tetra-
methoxyborohydride is formed when sodium borohydride is added to the 
methanol ( 48) . 
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